Eukaryotic gene expression is controlled by different levels of biological events, such as transcription factors regulating the timing and strength of transcripts production, alteration of transcription rate by RNA processing, and mRNA stability during RNA processing and translation. RNAs, especially mRNAs, are relatively vulnerable molecules in living cells for ribonucleases (RNases). The maintenance of quality and quantity of transcripts is a key issue for many biological processes. Extensive studies draw the conclusion that the stability of RNAs is dedicated-regulated, occurring co-and post-transcriptionally, and translation-coupled as well, either in the nucleus or cytoplasm. Recently, RNA stability in the nucleus has aroused much research interest, especially the stability of newly-made transcripts. In this article, we summarize recent progresses on mRNA stability in the nucleus, especially focusing on quality control of newly-made RNA by RNA polymerase II in eukaryotes.
Introduction
Gene expression is a fundamental and essential event for living cells in every organism, which is controlled by sophisticate networks of many processes and pathways, involving RNA transcription, post-transcriptional RNA processing and modification, RNA export, translation, and messenger RNA (mRNA) stability. mRNA levels in living cells represent the balance between production (transcription) and decay (mRNA degradation). mRNA stability, as an important factor in the control of gene expression, only depends on degradation rates of mRNA and does not relate to the steady-state levels of mRNA. In living cells, mRNAs show a variety of turnovers and degradation rates (Wang et al., 2002; Yang et al., 2003; Grigull et al., 2004) . mRNA turnover in bacteria is believed to be initiated by an endonucleolytic cleavage, which is followed by a 3'-5' decay. Degradation of mRNAs is mainly executed by relatively conserved degradosome, though this consists of many ribonucleases which vary in different species (Babitzke and Kushner, 1991; Taraseviciene et al., 1991; Even et al., 2005; Mathy et al., 2007; Shahbabian et al., 2009) . In contrast to eukaryotic cells, mRNA degradation in bacteria is presumed to be more tightly linked to both transcription and translation, due to the lack of spatial separation of chromatin and translation machinery by nuclear membrane. However, Montero Llopis et al. (2010) suggest that mRNA turnover in bacteria shares similar characteristics with that in eukaryotes, i.e., degradation of mRNA is a spatial event, happening at the nuclear region and being associated with chromatin.
In eukaryotes, many mRNA degradation pathways in the cytoplasm have been extensively studied. Almost all of them require the same major degradation machineries, either XRN1, the main exoribonuclease responsible for 5'-3' degradation, or exosome for 3'-5' degradation, regardless of normal or aberrant mRNAs. Many proposed mRNA degradation mechanisms take place in the cytoplasm, like microRNA mediated mRNA degradation and AU-rich element mediated mRNA decay (AMD), and some mRNA decays due to the occurrence of aberrant translations, such as Staufen 1-mediated mRNA decay (SMD), nonsense-mediated mRNA decay (NMD), no-go decay (NGD), and non-stop decay (NSD) (Peng et al., 1998; van Hoof et al., 2002; Kim et al., 2005; Doma and Parker, 2006; Brogna and Wen, 2009; Chekulaeva and Filipowicz, 2009) .
Although cytoplasmic mRNA decay seems to be the dominant mRNA turnover in eukaryotes, we believe that nuclear RNA degradation and recycle are far more ubiquitous than we expected. It is clear that typically, among RNAs produced by RNA polymerase II (RNP II), less than 10% of nucleotides in human cells are kept in mature RNAs because more than 90% nucleotides are spliced out as introns and recycled in the nucleus. Until recently, we still did not know how many RNP II transcripts are lost in the nucleus by degradation. For example, only 50% transcripts of the longest gene in the human genome, Dystrophin, are managed to be produced as a mature nuclear mRNA (Jackson et al., 2000) . Jackson et al. (2000) also summarized that only a minor proportion, about 30% of transcripts, is processed to be mRNA and exported to the cytoplasm. The predominant population of nuclear transcripts in human cells seems to be un-polyadenylated and poorly spliced, which renders these transcripts unable to be exported. Hence, they are restrained at the transcription site or the proximity of the nuclear pore, and eventually degraded in the nucleus (Jackson et al., 2000) . Moreover, recent studies focusing on exosome targets in transcriptome revealed that massive amounts of RNA precursors are degraded before they enter functional pathways in Saccharomyces cerevisiae (Gudipati et al., 2012; Schneider et al., 2012) . All of these observations announced the presence of extensive nuclear RNA degradation in eukaryotic cells.
2 Protein/protein complex for RNA degradation in nucleus
Exosome
As mentioned above, the variety of transcription processes generates a huge amount of 'waste nuclear RNA', which requires many ribonucleolytic activities to be recycled. One dominant protein complex implicated in nuclear RNA turnover is exosome. Exosome is a conserved ~400-kD hetero-multimeric protein complex in eukaryotes, containing nine core components (named as Exo9) and acting as 3'-5' exoribonuclease and endoribonuclease in association with some cofactors (Mitchell et al., 1997; Hilleren et al., 2001; Houseley et al., 2006; Vanacova and Stefl, 2007) . In eukaryotes, there are two general forms of exosomes: one is the cytoplasmic exosome that contains the nine-subunit core (Exo9) plus Rrp44p (named as Exo10), responsible for 3'-5' exoribonuclease and endoribonuclease activities; the other is the nuclear exosome that consists of Exo9 with Rrp44p and Rrp6p (named as Exo11) (Chen et al., 2001; Liu et al., 2006; Dziembowski et al., 2007; Tomecki et al., 2010; Malecki et al., 2013) . Actually, in human cells, there are three Rrp44 homologs: DIS3 (named from yeast 'disjunction abnormal') that only shows exoribonuclease activity and predominantly locates in the nucleus; DIS3L that shows exo-and endoribonuclease activities in the cytoplasm-like yeast Rrp44p; and, DIS3L2 that does not interact with Exo9 but is involved in mRNA degradation in the cytoplasm (Tomecki et al., 2010; Malecki et al., 2013) . Tomecki et al. (2010) also found a new type of exosome which is present in the nucleolar region of human cells and only contains Exo9 plus Rrp6, but its function is yet to be elucidated.
In the cytoplasm, Exo10 associates with the SKI complex that functions to unfold RNAs, and consists of Ski2p, Ski3p, and Ski8p to participate in 3'-5' RNA degradation (Halbach et al., 2013) . The nuclear exosome, Exo11, interacts with many cofactors and then functions in RNA processing and nuclear RNA degradation. Exo11 associates with Rrp47p via Rrp6p, removes the 3'-extended form of 5.8S ribosomal RNA (rRNA) precursor during rRNA biogenesis, and is also involved in the production of small nucleolar RNAs (snoRNAs) and small nuclear RNAs (snRNAs) (Mitchell et al., 2003) . It also interacts with the TRAMP complex, which consists of poly(A) polymerases Trf4/Trf5p, RNA helicase Mtr4 and the zinc knuckle proteins Air1/Air2, to remove aberrant RNAs (LaCava et al., 2005) . The NNS complex (Nrd1p, Nab3p, and Sen1p) requires Exo11 to process some snRNAs and snoRNAs, which are transcribed by RNP II (Kim et al., 2006) . Additionally, in human cells, Exo11 associates with the NEXT complex (nuclear exosome targeting complex), which consists of hMTR4, zinc knuckle protein ZCCHC8, and RNA binding protein RBM7, to facilitate the degradation of transcripts upstream of promoters (Lubas et al., 2011) .
Rat1p/XRN2
In S. cerevisiae, Rat1p (named as XRN2 in human cells) rather than Xrn1p functions as the main exoribonuclease in 5'-3' degradation of transcripts in the nucleus. Rat1p was initially identified in S. cerevisiae and then found to be conserved in all eukaryotes (Amberg et al., 1992; Shobuike et al., 1995; Yoo et al., 2000; West et al., 2004; Li et al., 2006) . It functions essentially in RNP II transcription termination to remove the long aberrant mRNAs which associate with a chromosome and might cause deleterious effects in cells (Proudfoot, 2011) . It is required after cleavage and polyadenylation of nascent transcripts to degrade the downstream cleaved RNA from 5'-3' direction (Richard and Manley, 2009) . Rat1p is also involved in the process of rRNA maturation: ITS1, one of the internal transcribed spacers (ITS1 and ITS2), locates at the flanking site of 5.8S rRNA, which is trimmed by Rat1p from the 5' end of the rRNA precursor after endoribonuclease cleavage (Henry et al., 1994; Geerlings et al., 2000) . Rat1p recently has been suggested to play an important role in telomere maintenance by degrading telomeric repeat-containing RNA (TERRA), which is a long non-coding RNA that represses telomerase activity, and thus activates telomere elongation (Luke et al., 2008) . Further recent studies in human cells suggest that XRN2 degrades nascent transcripts when RNP II pauses near promoters. Brannan et al. (2012) indicate that early recruitment of termination factors XRN2 and TTF2, as well as decapping factors Edc3, Dcp1a, and Dcp2, control the bi-directional RNP II transcription by a 'torpedo' mechanism. In another case, XRN2 and another termination factor SetX cause RNP II pausing and premature termination at the human immunodeficiency virus (HIV) promoter, which is followed by human RRP6 processing of the HIV transcript into a small RNA to silence the RNA-dependent transcription at the HIV-1 promoter (Wagschal et al., 2012) .
Rat1p forms a stable complex with Rai1p that stimulates its exoribonuclease activity (Stevens and Poole, 1995; Xue et al., 2000; Xiang et al., 2009) . The complex associates with a C-terminal domain binding protein, Rrt103p, and then contributes to RNP II termination in yeast. Depletion of Rat1p or Rai1p causes defective termination of RNP II (Kim et al., 2004) . Although Rai1p has homologs in human cells and Drosophila, no such interaction between XRN2 and RAI1/Rail has been detected in these cells. Interestingly, a recent study suggests that Rai1p is a pyrophosphate-hydrolase that removes the 5' end of non-canonical capped mRNA, which is an aberrant cap lack of methylation (Jiao et al., 2010) .
Induction of nuclear mRNA degradation by non-canonical mRNP
To date, we still do not have enough data to elucidate the mechanisms of nuclear mRNA decay in animal cells. Most of the studies on mRNA degradation in the nucleus use budding yeast as model organism. These studies in S. cerevisiae suggest that degradation of mRNA, by several quality control pathways, ubiquitously happens in the nucleus at many steps of mRNA production if aberrancy occurred, i.e., mRNA retention at the transcription site during transcription initiation and elongation, transcribed messenger ribonucleoprotein particle (mRNP) slowly released during termination, failure/aberration of splicing, and mRNA retention at the nuclear pore (Fig. 1) .
Aberrant 5' cap mRNP
A cap structure at the 5' end of mRNA, one of the hallmark features of eukaryotic mRNAs, is required for the protection of transcripts from the exoribonuclease such as Rat1p that causes 5'-3' degradation (Zhai and Xiang, 2014) . Also, the mature cap associates with cap binding proteins (Cbc1p and Cbc2p), which are required for efficient co-transcriptional processing, splicing, mRNA export and translation (Gonatopoulos-Pournatzis and Cowling, 2014). The capping machinery, which directly couples to RNP II, ensures that transcripts keep to normal steady-state levels with proper transcriptions. Exceptionally, Abd1p, a methyltransferase, functions in early transcription elongation which is independent of its capping activity (Schroeder et al., 2004) . It means that proteins involved in capping might have alternative activities in RNA processing and the quality control pathway. This is supported by an early study in yeast, which suggests that capping at the 5' end mRNA is important for mRNA stability in the nucleus (Schwer et al., 1998) . Conditional dysfunction (temperature-permissive mutant) of Ceg1p, the nuclear guanylyltransferase, shows low levels of some transcripts (Schwer et al., 1998) . It is striking to find that the growth defect of yeast cells with mutations of Rat7p (a nuclear pore component), which usually induce nuclear mRNA retention and cause mRNA decay, was suppressed by deletion of the CBC1 gene. In these studies, in nuclear pore component mutants, several mRNAs' fast degradations were partially restored in CBC1 mutants (Das et al., 2000; . Therefore, Cbc1p likely participates in degradation of these mRNAs in export-defective strains or it may happen in the wild-type strain as well, but the mechanism is yet to be elucidated (Kuai et al., 2005) . Another example has been described in Section 2.2: an aberrant cap structure induces the mRNA degradation by Rai1p under nutritional stress conditions (Jiao et al., 2010) . All of these suggest that the 5' end formation of mRNP clearly correlates to the quality control pathway in the nucleus, though it still remains mysterious. Legrain and Rosbash (1989) found that in yeast, an intron that failed to be spliced but was recognized at an early stage by spliceosome seems to be required for RNA retention in the nucleus. Later on it has been observed that pre-mRNAs/unspliced RNAs are retained in the nucleus, which is mediated by some splicing factors (Rutz and Seraphin, 2000; Dziembowski et al., 2004) . Several studies also reported that unspliced mRNA is usually trapped by several components of nuclear pore complex (NPC) in the nucleus to prevent production of toxic polypeptides (Galy et al., 2004; Palancade et al., 2005; Lewis et al., 2007) . This proposed 'perinuclear mRNP quality control' has been recently revealed, in which endoribonuclease Swt1p is probably recruited transiently to NPCs to mediate the initiation of degradations for trapped pre-mRNP/mRNP at the perinuclear region (Skružný et al., 2009) . In poly(A) binding protein (Nab2/Pab2) mutants, the observation of nuclear pre-mRNA accumulation in S. cerevisiae and Schizosaccharomyces pombe suggested that Nab2p/Pab2p binds to poly(A) tail and then recruits Rrp6p to induce specific degradation of pre-mRNA in the nucleus (Lemieux et al., 2011; Schmid et al., 2012) .
Nuclear mRNA retention caused by pre-mRNP and aberrant mRNP
Turnover of mRNAs in the nucleus is relatively slow and is mainly contributed by 5'-3' degradation, but nucleus-retained mRNAs or pre-mRNAs are degraded quicker through the 3'-5' degradation pathway, though Rat1p (5'-3' degradation) is involved as well (Bousquet-Antonelli et al., 2000; Das et al., 2003; Kufel et al., 2004) . More importantly, BousquetAntonelli et al. (2000) discovered that some spliced mRNAs are more abundant in exosome mutants than in wild-type cells. This clearly indicates that some pre-mRNAs destined to be degraded by exosome could be converted into mature mRNAs. It means that transcripts, at least a small proportion of them, have the competition between the entry of degradation and being correctly spliced to be mRNAs in the transcript pool. Furthermore, it hints that nuclear mRNA degradation induced by RNA retention might associate with a chromosome, or at least with RNP II transcription. Rougemaille et al. (2008) focusing on the THO complex, which is a multi-protein complex recruited to transcriptional machinery, come to the same conclusion that mRNP intermediate formation contains nuclear pore components and polyadenylation factors in association with chromatin. It links the quality control pathway at the perinuclear mRNP with the chromatin/transcription site, though how the THO complex functions in this link is still mysterious.
Recently, Volanakis et al. (2013) suggested that spliceosome mediates mRNA degradation in the nucleus. Transcriptome analysis of SmD1 (presented in the Sm complex, a component of spliceosome) associated RNAs identified many non-intronic transcripts. More interestingly, some of them were managed to be spliced to produce unstable mRNAs which are degraded by nuclear exosome and Rat1p. Although it is still not known whether it happened at the transcription site or another compartment in the nucleus, this spliceosome-mediated mRNA decay (SMD) plays an important and new role in yeast to minimize over-expression of proteins which are deleterious to cells.
mRNA retention at transcription site caused by 3' end processing/RNA release
The competition is also kinetically presented in the balance of 3' end processing and nuclear mRNA degradation. As an example, depletion of Rrp6p partially rescues the growth defect of PAP1 mutant (PAP1 encoding the RNA poly(A) polymerase), suggesting that defective polyadenylation is one of the results of mRNA degradation in the nucleus (Burkard and Butler, 2000) . The same results are found in several mutations of 3' end processing factors, Rna14p and Rna15p beside Pap1p (MinvielleSebastia et al., 1991; Libri et al., 2002; Torchet et al., 2002; Milligan et al., 2005) . All of these studies lead us to conclude the presence of a balance between polyadenylation/RNA release and mRNA degradation. It means that transcripts are protected by poly(A) tail, which is processed by Pap1p in a normal situation, but quickly removed by exosome in the situation of aberrant 3' end processing. This phenomenon is what exactly happened in some gene regulations. One example is the auto-regulation of NAB2 mRNA: at 3' UTR of NAB2 mRNA, 26 consecutive adenosines (A 26 ) compromised NAB2 mRNA 3' end processing and induced degradation by Exo11 when excessive Nab2p bound to A 26 in yeast cells (Roth et al., 2005) . An additional example is that HTB1 mRNA might have a downstream unit in its transcription termination region, which could facilitate 3' end processing factors and exosome to drastically regulate HTB1 mRNA levels when yeast cell cycles changed from S phase to G 2 phase (Canavan and Bond, 2007) . More interestingly, it seems that the poly(A) tail itself is required for RNA release from the transcription site by using a self-cleaving hammerhead ribozyme to eliminate normal polyadenylation. The efficient RNA release of the non-poly(A) tail mRNA occurred only if an artificial poly(A) tail was introduced at the upstream of the ribozyme cleavage site (Dower et al., 2004) . Also, deletion of PAB1, which encodes poly(A) binding protein, shuttled between cytoplasm and nucleus, and PAN, which encodes poly(A) ribonuclease to trim the poly(A) tail to a proper length for mRNA export, caused the exosome-dependent nucleus retention (Dunn et al., 2005) . This suggests that proper poly(A) signal/length might be the final processing step to allow mRNA release from the transcription site to be exported (Davis and Shi, 2014) .
Bi-directional transcription and RNA decay
Transcriptome analysis unveiled that the pervasive transcription occurs in animal and yeast cells with defective exosome alleles (Jacquier, 2009 ). In animal cells many different RNAs have been discovered by using different techniques. However, all of them have similar distribution in the genome, either an expression peak around 50 nt downstream of transcription start site (TSS) in the same orientation as the gene expression or 250 nt upstream of TSS in a divergent transcription (Kapranov et al., 2007; Core et al., 2008; Seila et al., 2008; Jacquier, 2009) . They are short-lived RNA molecules, and their 5' ends are capped with a different mechanism, unlike normal mRNA (Affymetrix/Cold Spring Harbor Laboratory ENCODE Transcriptome Project, 2009). One of the most important conclusions from these transcriptome studies in yeast and animal cells is that many promoters seem to be divergently transcribed, termed as 'bi-directional transcription'. One extensively studied example relates to cryptic unstable transcripts (CUTs), which has been proved to be a kind of promoterassociated non-coding RNA (ncRNA) in yeast (Davis and Ares, 2006) . This new type of RNA is identified only in inactivation of the function of the exosome or TRAMP complex, but not measured in wild-type cells (Arigo et al., 2006; Davis and Ares, 2006) . CUTs usually are 200-600 nt long ncRNA with 5'-cap. Recently, another type of ncRNA, stable unannotated transcripts (SUTs), has been identified (Xu et al., 2009) . Actually, SUTs do not have much difference from CUTs, except that SUTs are more stable and their lengths are on average longer. How CUTs/SUTs are exactly produced is still mysterious, but presumably during transcription initiation the specificity of transcription polarity is not well recognized, so that RNP II produces transcripts in two directions. The 'polarity of transcription' might be supported by co/post-transcriptional quality control to remove the cryptic targets. In animals, it has been suggested that bi-directional transcription occurs in transcription initiation where the transcribed regions of chromatin are modified with acetylation of Histone 3 (Preker et al., 2008) .
The major difference between CUTs and encoding transcripts is 3' end processing. In other words, probably the aberrant 3' end RNP/processing complex induces the degradation of CUTs. It is well known that CUTs usually contain sequences, which locate less than 900 nt from TSS, recognized by Nrd1p and Nab3p, the components of the NNS complex (Gudipati et al., 2008) . The recruitment of Sen1p possibly triggers the transcription termination by dissociating the elongation complex. After termination, CUTs are polyadenylated by Trf4p (poly(A) polymerase, a component of TRAMP complex), and degraded quickly by exosome (Fig. 2) (Porrua and Libri, 2013) .
Conclusions and perspectives
Nuclear mRNA degradations in eukaryotes are complicated, multifaceted, but elaborated processes. They likely couple with every step of mRNA processing, including transcription initiation, RNP II pausing, capping, splicing, 3' end processing, and mRNA export. Currently, we know that nuclear mRNA degradation is ubiquitous since transcription is pervasive. However, the important physiological function of mRNA degradation/quality control pathways is still to be addressed. The intrinsic mechanisms are yet to be understood from research. Furthermore, how was the defective RNA recognized by the exosome? Is the exosome associated with every RNA molecule but only degrades defective RNAs, or are the defective RNAs recognized by different mechanisms but degraded by nuclear exosome and Rat1p?
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